A novel control scheme is proposed to improve the yaw stability of a tractor semitrailer vehicle in critical situations. The control scheme is a two-layer structure consisting of an upper yaw moment controller and a lower brake force distributor. The tractor and the trailer are, respectively, stabilized by two independent fuzzy logic based yaw moment controllers. The controllers for the tractor and the trailer are, respectively, designed to track the reference yaw rate of the tractor and the hitch angle between the tractor and the trailer while considering the variation of the hitch angular rate at the same time. The corrective yaw moments determined by the corresponding upper fuzzy yaw moment controllers are realized by active wheel braking. The performance of the proposed control scheme is evaluated by simulations on a nonlinear vehicle model. The results demonstrate that the proposed control scheme is robust and effective in stabilizing the severe instabilities such as jackknife and trailer oscillation in the chosen simulation scenarios. It is believed that this control scheme is robust to the variation of road adhesion conditions.
Introduction
Tractor semitrailer as a very common commercial heavy vehicle plays an important role in road transportations in all over the world. However, it is prone to lose lateral stability and cause fatal accidents because of its relative lower stability capability which mainly results from its particular multibody structure and high center of gravity (CG) [1] . Generally, for a typical tractor semitrailer vehicle, rollover caused by high lateral acceleration and loss-of-control (LOC) of planar yaw dynamics such as jackknife and trailer oscillation caused by the tractor or trailer's excess pivoting motion are the primary concerns of lateral stability [2] [3] [4] [5] . In fact, the roll stability is closely associated with the yaw dynamics since excess yaw motion generally causes a rollover especially when the CG is relatively high. So, in this paper, we mainly focus on the issue of planar yaw dynamics control thereby preventing the occurrence of rollover.
In critical driving situations, a tractor-trailer may confront different forms of yaw instability such as jackknife, trailer swing, and trailer oscillation depending on the load, configuration characteristic parameters, steer input, and other external disturbances. The schematic of these instabilities are being shown in Figure 1 [3, 6, 7] . Under situations of braking on slippery road for a tractor-trailer, jackknife often happens at the side slip of the rear wheels of the tractor and trailer swing generally appears at the side slip of the wheels of the trailer while trailer oscillation is primarily related to the characteristic of rearward amplification [8] . Rearward amplification as a typical characteristic for a tractor-trailer vehicle is much related to the vehicle configuration characteristics and load conditions and thereby can cause the trailer to react intensely with a relatively small external disturbance in lateral direction added to the tractor or the trailer. In fact, it is difficult to clearly distinguish jackknife and trailer swing since they have similar destabilizing mechanism that is divergence from the perspective of stability theory of the dynamical system. However, trailer oscillation which is very different is generally referred to as oscillatory instability [7] . Particularly, these phenomena of LOC can be differentiated and interpreted based on nonlinear dynamics theories such as stability of equilibrium, state flow, and bifurcation [8] . In recent years, the lateral dynamics of the multibody vehicles are still a hot research area in academia [9, 10] .
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In critical situations, generally, it is difficult for a driver to manipulate a tractor semitrailer vehicle when he recognizes the vehicle being about to lose cornering stability. Fortunately, similar to the passenger cars, the stability of a tractor-trailer combination can also be considerably improved by active control method [7, [11] [12] [13] . In recent years, electronic stability control (ESC) systems which have been widely equipped in passenger cars for a few years attract much interest from both the industry and academia in having ESC systems developed for and implemented in the heavy vehicles [1, 14] . ESC system can really assist in improving the safety for a tractor semitrailer by improving the yaw and rollover stabilities [1] .
For a typical vehicle dynamics system, there are many uncertainties and nonlinearities such as vehicle configuration parameters, payload, and road adhesion conditions, which have considerable effect on the performance of the vehicle dynamics control system. In this study, in order to improve the stability of a tractor semitrailer vehicle with parametric uncertainties in critical situations, a robust control scheme is proposed based on fuzzy logic control method to stabilize the yaw dynamics of the tractor and the trailer separately and thereby improve the roll stability. Fuzzy logic control method which is described in simple vague linguistic terms and is suitable for the control of nonlinear systems especially with parametric uncertainties has been widely used in vehicle dynamics control systems [15] [16] [17] .
The rest of the paper is organized as follows. In the following section, a nonlinear tractor semitrailer vehicle model is formulated replacing the real-world vehicle to assess the performance of the proposed control scheme. The detail of the proposed control system is described in Section 3. Simulation results are presented in Section 4 to check and evaluate the effectiveness of the proposed control scheme. Finally, the contributions and conclusions are summarized in Section 5. The notations referred to in figures and equations and vehicle parameters used in simulation are listed and described in Appendices A and B.
Nonlinear Tractor Semitrailer Vehicle Model
In this section, nonlinear models including the motions of the body, suspension, and tyre of a tractor semitrailer vehicle are formulated to replace the real-world vehicle for simulation to evaluate the performance of the proposed control scheme. The nonlinear schematic model for a typical tractor semitrailer vehicle is shown in Figure 2 which describes the vehicle configuration, forces applied on it, and the kinematics. The dual-tyre of the tractor and trailer in Figure 2 is processed as single-tyre in the following mathematical formulations and also in the design of the brake force distributor in Section 3.4.
Motion Equations of the Vehicle.
Vehicle body model comprises the motions of longitudinal, lateral, yaw, and body roll for both the tractor and trailer and the coupling constraints between them. The pitch motions are not involved and the roll axis is fixed. The equations of these motions can be derived based on Lagrange's approach and the principle of virtual work. The details of formulation will no longer be presented. As a result, the motions of longitudinal, lateral, yaw, and body roll for the tractor can, respectively, be formulated by the following:
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Similarly, the motions of longitudinal, lateral, yaw, and body roll motions for the trailer can, respectively, be modeled as the following: h c1
The schematic model of a typical tractor semitrailer vehicle.
The motions of longitudinal, lateral, yaw, and body roll of the tractor coupling with those of the trailer through the hitch point can, respectively, be expressed by
2.2. Suspension Model. Suspension model is used to predict the lateral load transfer as cornering which affects the variation of the tyre normal force. The primary components of the suspension used in this study comprise the leaf spring and the damping. The actual suspension force which is much nonlinear with respect to the deformation of the spring is calculated as follows [18] :
where , ( , = 1, 2, 3), respectively, denote the stiff and damping coefficients and ,̇, respectively, are the deformation and deformation rate of the th suspension which can be expressed in detail as
where Δ lat is the variation of normal force on the th wheel caused by lateral load transfer and can be derived from (10) .
Slip angle and longitudinal slip ratio for each wheel are, respectively, defined by
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where V is the forward velocity of the wheel center in the wheel plane:
Tyre force as one of the most important factors affecting vehicle dynamics is strongly nonlinear in critical situations. In order to capture the actual properties of the tyre force, a nonlinear tyre model should be introduced. With the tyre normal force, tyre slip angle, and longitudinal slip ratio modeled above, the nonlinear tyre forces can be obtained by the Dugoff tyre model [19] as follows. Longitudinal tyre force is as follows:
Lateral tyre force is as follows:
where
For tyre with active brake torque , the rotational dynamics can be formulated aṡ
In this work, brake torque is the output of the proposed control scheme to generate an appropriate brake force on the wheel. In order to capture the dynamic behavior of the pneumatic braking actuator, a second-order model is taken into account here; consequently, the actual output of brake torque is given as
where ref is the reference brake torque output from the controller and is Laplace operator. 1 , 2 are constant which dominate the dynamic response and mainly relate to the physical property of the brake actuator system. Obviously, the actual value of 1 , 2 depends on a certain braking system; however, it is not our concern here, and we take 1 = 1/300, 2 = 1/12 in general.
Controller Design

Description of the Control Scheme.
The lateral dynamics of the tractor semitrailer vehicle are stabilized by a corrective yaw moment generated by active wheel braking. The whole control scheme is a two-layer structure with an upper yaw moment controller and a lower brake force distributor. The upper controller is designed based on fuzzy logic method to determine the corrective yaw moments, respectively, for the tractor and the trailer to stabilize the yaw dynamics. The lower brake force distributor consisting of a set of rules is designed to determinate the target braking wheel and the amount of brake torque corresponding to the corrective yaw moment from the upper controller. The block diagram of the whole control scheme is illustrated in Figure 3 . In this scheme, the reference model using a linear tractor-trailer model is designed to generate the reference responses that are the yaw rate of the tractor and the hitch angle between the tractor and the trailer. The actual response of yaw rate can be measured by sensors while the states of hitch angle and the hitch angular rate can be estimated by an observer from the yaw rate responses of the tractor and the trailer according to the relationship given in (8) . However, the state estimation is a special issue and it is not a main concern in this work, so we assume the hitch angle and angular rate can be directly acquired. The upper fuzzy yaw moment controller consists of two subcontrollers, respectively, for the tractor and the trailer which are designed separately based on fuzzy logic. The nonlinear vehicle model which is constructed in Section 2 replaces the reallife tractor semitrailer vehicle to evaluate the performance of the proposed control scheme by simulations.
Reference Responses.
The reference responses are the steady-state yaw rate of the tractor and the hitch angle between the tractor and trailer. The steady-state reference responses are derived from a linear tractor-trailer combination model shown in Figure 4 [7, 20] . First, assuming that the longitudinal velocity for the tractor equals that of the trailer, that is, V 1 = V 2 = V , the steady-state response of the tractor's yaw rate can be expressed as
where is a yaw stability factor with
where 1 , 2 are, respectively, the linear cornering stiffness of the front and rear tyre of the tractor. In fact, the maximum lateral acceleration a vehicle can acquire as cornering is constrained by the limit of adhesion between the tyre and the road. Therefore, the reference response of the tractor's yaw rate to driver's steer input cannot always be obtained, so it should be bounded by
So the reference response of the tractor's yaw rate is rewritten as
Similarly, the reference response of the hitch angle in steady state which can also be obtained from the linear model described in Figure 4 is given as 
where 3 is the linear cornering stiffness of the trailer tyre and is the same as that in (21).
Upper Yaw Moment Controller.
The upper yaw moment controller is designed based on fuzzy logic control method to determine the corrective yaw moments according to the reference and the actual responses to keep the lateral stability of a tractor semitrailer combination. The upper yaw moment controller, as shown in Figure 5 , consists of two parts. One is for the tractor with the yaw rate error as the input and the corrective yaw moment for the tractor as the output and the other is for the trailer with the hitch angle error and the hitch angular rate as the inputs and the corrective yaw moment for the trailer as the output. The design of the fuzzy controller here based on MAT-LAB fuzzy toolbox includes the processes of fuzzification, fuzzy decision, defuzzification, and output scaling. As the first step of a fuzzy controller design, fuzzification makes the inputs dimensionally compatible with the condition of the knowledge-based rules using linguistic variables. Five different levels are defined for each input and each output membership functions with the linguistic terms "NB," "NS," "ZE," "PS," and "PB," respectively, representing "Negative Big," "Negative Small," "Zero," "Positive Small," and "Positive Big." Fuzzy decision processes a set of rules based on the prepared rule base given in Tables 1 and 2 , respectively, for the tractor and the trailer to produce fuzzy output. The membership functions of the input and output variables, respectively, for the tractor and the trailer are shown in Figures 6 and 7 . Mamdani inference method is used for implementing the inference mechanism and centroid algorithm is used for the defuzzification process. The output of defuzzification is the normalized corrective yaw moments Δ 10 and Δ 20 in the range of [−1, 1], respectively, for the tractor and the trailer. Consequently, the derived fuzzy input-output curves for the tractor and trailer are, respectively, shown in Figures 8 and 9 . Then, the actual corrective yaw moments for the tractor and the trailer are calculated by
where 1 , 2 are the scaling factors decided by trials.
Distribution of Brake
Force. The lower part of the proposed control scheme is the distribution of brake force to realize the corrective yaw moment from the upper fuzzy yaw moment controller. It is known that the lateral dynamics of a vehicle can be stabilized by individual wheel braking according to the concept of ESC for passenger cars so that oversteer (OS) and understeer (US) can be corrected, respectively, by braking the outside front wheel and the inside rear wheel [21] . Therefore, the lateral stability of the tractor semitrailer vehicle can be improved by separate control of the tractor and the trailer. Further, for the tractor, brake the outside front wheel to correct OS and brake the inside rear wheel to correct US, and for the trailer, brake the outside wheel to correct OS and brake the inside wheel to correct US. With the assumptions of the dual-tyres for the tractor and the trailer in Figure 2 being simplified as a single one, the detail decisions on the target braking wheel for the tractor and the trailer are, respectively, given in Tables 3 and 4 , where "1," "2," "3," and "4" in Table 3 , respectively, represent the tractor wheel of front left, front right, rear left, and rear right and "5," "6" in Table 4 , respectively, denote the left and right wheel of the trailer. Generally, the brake torque regulator serves to determine the brake torque applied on the target wheel which can be derived directly from corrective yaw moment that is Δ = 2Δ / , where and , respectively, denote the rolling radii and wheel track of the target brake wheel. However, if the brake torque corresponding to the corrective yaw moment makes the slip ratio of the target brake wheel increase rapidly over the reference slip ratio * , a PI controller intervenes to regulate the brake torque to prevent the target brake wheel locking with the schematic block diagram given 
"-" denotes no brake action. 
"-" denotes no brake action.
in Figure 10 . The proportional gain is 10000 and integral gain is 200 in this PI controller.
Simulations
In this section, simulations are conducted to evaluate the proposed control scheme. Considering the two typical planar lateral instabilities jackknife and trailer oscillation and the rollover instability, three critical maneuvers that are external disturbance caused by jackknife, trailer oscillation, and a single lane change maneuver manipulated by the driver are taken into account to assess the proposed control scheme. The physical parameters characterizing the tractor semitrailer vehicle model in simulation are presented in Appendix B [22] . Firstly, the simulation for control of jackknife instability is presented. In this case, it is assumed that the vehicle runs straightly without any driver's steer input at an initial longitudinal velocity of 25 m/s and suddenly suffers from an external lateral disturbance giving rise to an initial yaw rate of 0.1 rad/s on the trailer. In order to facilitate yielding a jackknife instability in simulation, the distance from the trailer centre of gravity (CG) to the hitch point is set as 2 = 7.05 m. In this transport condition, the tractor semitrailer will fall into jackknife with an initial trailer yaw rate of 0.1 rad/s. The corresponding vehicle state response and comparisons are presented in Figure 11 . The presented state responses comprise tractor yaw rate, trailer yaw rate, trailer slip angle, and the trailer roll angle. As we all know, there are many state variables related to the lateral dynamics of a tractor semitrailer vehicle; however, we only choose four state variables here for evaluation considering the space limit and we believe these four variables are enough to characterize the main lateral dynamics of a tractor semitrailer vehicle. The trajectory for this scenario is given in Figure 12 . Active brake torque output by the controller and the corresponding longitudinal wheel slip ratio are, respectively, illustrated in Figures 13 and 14 .
As shown in Figure 11 , the states of the vehicle without control will be divergent monotonically and cannot return to the previous straight running any longer, so there is no doubt that the vehicle will lose stability quickly and fall into jackknife. Compared with the uncontrolled case, the vehicle with fuzzy yaw moment control detects the responding deviation from the reference values and then generates an appropriate corrective yaw moment, respectively, for the tractor and the trailer by active wheel braking to force the states to converge to zero. The effectiveness of the proposed control scheme can also be found from the trajectory response as shown in Figure 12 . We can find that in the uncontrolled case the external disturbance causes the trailer a small lateral deviation (about 0.7 m) from the origin, then fluctuates, and finally increases monotonically towards the opposite direction together with the tractor. Obviously, in the controlled case, the vehicle first experiences a small fluctuation on suffering the disturbance and then goes gradually towards its original directional line. From the response of active brake torque in Figure 13 , it is easy to observe that the active braking action is not necessarily very frequent and a small brake torque at a certain appropriate time may be rather important for keeping the lateral stability of the vehicle. In this scenario, any variation in direction for the tractor will be identified as OS since the vehicle runs straightly at the beginning, so the two front wheels of the tractor are primarily selected as the target braking wheel to generate a reverse yaw moment to prevent the tractor from falling into OS. The brake torque of the trailer is much larger than that of the tractor since the mass of the trailer is very large, so we can guess that the control of the trailer plays an important role in keeping lateral stability of the whole tractortrailer combination.
The second case of simulation presented in the following aims to evaluate the control performance when stabilizing a trailer oscillation instability. In this scenario, the vehicle is also assumed running straightly at an initial longitudinal velocity of 25 m/s without any manipulation from the driver. On suffering a sudden external disturbance, an initial yaw rate of 0.1 rad/s is added to the trailer and then causes the vehicle to go into trailer oscillation. In simulation, the distance from the trailer CG to the hitch point is set as 2 = 10.50 m in order to facilitate yielding an oscillation on subjecting to the external disturbance. Two roads with different adhesion conditions are considered, with one of which is a dry road with an adhesion coefficient of 0.9 and the other is a slippery road with an adhesion coefficient of 0.35. The vehicle state responses and comparisons for the two road conditions are given in Figures 15 and 16 .
As shown in Figures 15 and 16 , in this scenario, the external disturbance causes the trailer to oscillate in the lateral direction and further forces the whole tractor-trailer combination to oscillate. It is attributed to the backward movement of the trailer CG and the rearward amplification characteristic of a tractor-trailer combination. Obviously, with active control, the vehicle will first experience a small magnitude oscillation; then, the states converge to zero gradually and finally the vehicle recovers to its previous straight running, while in the uncontrolled case the oscillation magnitude will become larger and larger and a fatal accident seemed to be unavoidable. It is noticed that the control result is also rather satisfying on the slippery road, so we suppose that the proposed fuzzy logic controller is robust to the variation of road surface conditions.
The third simulation case is focused on a single lane change maneuver which is often used to assess the handling and stability performance of a vehicle at high speed. According to the actual steering input for a single lane change maneuver field test, a one-cycle sinusoidal signal given in Figure 17 is employed in this scenario as the steer angle on the front wheel to complete a single lane change maneuver simulation. Also, the control performance is assessed at an initial longitudinal velocity of 25 m/s in two different adhesion conditions with coefficient of 0.9 for dry road and 0.35 for slippery road. Figures 18-20 , respectively, illustrate the comparisons of vehicle state, longitudinal velocity, and vehicle trajectory on the dry road. First, from the trajectory in Figure 20 combining with the state and velocity in Figures 18-19 , we can see that if the vehicle has no control action, it would lose stability with very large transverse displacement and even finally run towards the transverse direction. No doubt the lane change maneuver cannot be completed and a fatal accident follows, while in the controlled case, a single lane change like trajectory is accomplished with an approximate maximum transverse displacement of 6 m which is closely associated with the vehicle speed and steer magnitude. Similar to the dry road case, the corresponding results for the slippery road case seen from Figures 21-23 are still satisfying with little effect from the great decrement of road adhesion, while the uncontrolled vehicle suffers rather obvious influence from the variation of road adhesion. So it is believed that the proposed control scheme is robust and can be effective in a rather wide range of road adhesion conditions.
Conclusions
In this study, a stability control scheme based on fuzzy logic method is proposed to improve the yaw stability and thereby the roll stability of a tractor semitrailer vehicle in critical situations. The designed control scheme which is a two-layer structure comprises an upper fuzzy yaw moment controller and a lower brake force distributor. The upper fuzzy yaw moment controller further consists of two subcontrollers, oscillation to the robust of the controller. The results demonstrate that an active control is very important to keep the lateral stability of a tractor semitrailer and the proposed fuzzy logic control scheme is effective to prevent a tractor semitrailer from falling into jackknife and trailer oscillation in a wide range of road adhesion condition.
1 , 2 , 3 : track width of tractor front axle, tractor rear axle, and trailer rear axle, ℎ 1 , ℎ 2 : height of the tractor CG, height of the trailer CG, ℎ 1 , ℎ 2 : distance from the tractor CG to its roll axis, distance from the trailer CG to its roll axis, ℎ 1 , ℎ 1 : height of front, rear roll centre of the tractor, 
